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El  principal  objectiu  d’aquesta  tesis  és  millorar  l’eficiència  del  procés 
d’aplicació  de  pesticides  en  hivernacles  adaptant  la  polvorització  a  la 




assistència  d’aire  en  comparació  amb  la  tecnologia  utilitzada 
habitualment.  En  relació  a  les  característiques  de  la  vegetació,  s’ha 
desenvolupat  una  nova  metodologia  per  a  ser  aplicada  en  tomàquet 
produït en hivernacle.   
La  incorporació  d’aire  es  va  provar  en  un  carretó  de  polvorització 
modificat. Aquesta va ser avaluada en dues vegetacions diferents (alta  i 
baixa  densitat)  i  amb  varies  configuracions  diferents  (tipus  de  broquet, 
assistència d’aire i volum d’aplicació). Per a aquest estudi es va avaluar la 
















sòl.  A més  a més  es  va  avaluar  la  distribució  vertical  del  líquid  i  de  la 
velocitat  de  l’aire  i  es  va  comparar  amb  els  perfils  de  vegetació  i  de 
distribució de la deposició. Els resultats indiquen que un increment de la 
velocitat de l’aire no implica una millora de la eficiència de la polvorització. 
En  general,  el  carretó  modificat  mostra millors  resultats  en  termes  de 








de  la  vegetació.  Els  paràmetres  principals  mesurats  van  ser:  alçada, 
amplada i volum del cultiu i àrea foliar. A partir d’aquestes dades es van 
poder  calcular  altres  paràmetres  importants  com  el  Tree  Row  Volume 















principals  paràmetres  del  cultiu  de  manera  ràpida  i  fàcil,  així  com  el 
















operario.  Por  otro  lado,  para  mejorar  el  proceso  de  pulverización,  la 






carretilla  con  barras  verticales  arrastrada  manualmente,  y  b) 
desarrollando un método para la caracterización de la vegetación. En esta 





La  incorporación  de  aire  se  probó  en  una  carretilla  de  pulverización 
modificada. Ésta fue evaluada en dos vegetaciones diferentes (alta y baja 


















alta  y  asistencia de aire baja; 2) un pulverizador autopropulsado; 3)  un 





un  incremento  de  la  velocidad  del  aire  no  implica  una  mejora  de  la 
eficiencia de la pulverización. En general, la carretilla modificada muestra 
los mejores  resultados  en  términos  de  deposición  y  uniformidad  de  la 
distribución, especialmente con asistencia de aire baja. Estos resultados 
han  sido  confirmados  mediante  la  evaluación  de  la  uniformidad  de  la 
distribución del aire y del líquido.  
Las características del cultivo se han determinado con un sensor terrestre 
LiDAR  2D.  Los  experimentos  se  realizaron  en  tres  cultivos  distintos  de 
tomate en invernadero plantados en sistema pareado. La caracterización 




parámetros  importantes  como  el  Tree  Row Volume  (TRV),  el  Leaf Wall 
Area  (LWA),  el  Indice de Area  Foliar  (LAI)  y  el  índice de densidad  foliar 
(LAD).  En  general  los  resultados  muestran  una  sobreestimación  de  los 
parámetros  obtenidos  con  los  métodos  manuales  debido  a  la  alta 
resolución del perfil medido por el sensor. La altura de la vegetación, el 
volumen  y  la  densidad  se  pueden  estimar  de  forma  fiable  a  través  del 






de  las  plagas  y  enfermedades  se  debe  ajustar  según  la  cantidad  de 
vegetación.  El  desarrollo  de  técnicas  que  permitan  determinar  los 
principales  parámetros  del  cultivo  de  forma  rápida  y  fácil,  así  como  el 
desarrollo  de  tecnologías  que  permitan  una  distribución  eficiente  del 












Historically,  spray  guns  and  lances  have  been  the  most  common 




On  the  other  hand,  canopy  characterization  is  important  for  a  better 
adjustment of the amount of pesticide/mixture sprayed, and is a key factor 
in spray process improvement. When this adjustment is adapted to canopy 




crop  spraying  method.  To  achieve  this  objective,  two  actions  were 
planned. The first involved adding an air assistance device to a manually 
pulled trolley with vertical booms, and the second involved developing a 
method  for  canopy  characterization.  Therefore,  this  research evaluated 
the suitability and benefits of the developed prototype with air assistance, 
and  compared  those  characteristics  with  common  spray  techniques 
already in use. With regard to the canopy characterization process, a new 
methodology  based  on  LiDAR  technology  has  been  developed  to  be 
applied to tomato crops in greenhouses.  
The  effect  of  the  addition  of  the  air  assistance  device was  tested  on  a 
modified prototype hand‐held pulled trolley sprayer. This prototype was 
evaluated  using  two  different  crop  fields  (tomato  with  high  and  low 
canopy density) and several sprayer types (nozzle type, air assistance, and 
spray  volume).  In  this  study,  deposition  on  the  canopy,  deposition 
coverage, and deposition distribution uniformity have been assessed. The 








that  air  assistance  and  flat  fan  nozzles  reduce  volume  rates  while 
maintaining or improving spray quality distribution.  







were  evaluated  by  examining  normalised  canopy  deposition  and 
uniformity, as well as liquid losses to the ground. In addition, the vertical 
liquid distribution and the vertical air velocity profile of the sprayers were 








terrestrial  2D  Light  Detection  and  Ranging  (LiDAR)  sensor  was  used  to 
compare  its  results  to  the  results  obtained  by  traditional  manual 
vegetation measuring procedures.  The experiments were  carried out  in 
three different commercial  tomato greenhouses, all of which contained 
crops  planted  in  a  twin‐row  system.  Electronic  characterization  was 
performed  using  a  LiDAR  sensor  (LMS‐200,  SICK)  with  an  180°  angle 
measurement  by  scanning  a  pair  of  plants  from  both  sides.  The  main 
parameters  obtained were  canopy  height, width,  and  volume,  and  leaf 
area.  From  these  parameters,  other  important  parameters  were 
calculated. These parameters include tree row volume (TRV), leaf wall area 





overview  of  the  results  showed  an  overestimation  of  the  parameters 
measured manually because of the high definition of the profile obtained 
with this sensor. An estimation of the canopy volume with the electronic 
































Amb aquest document es  tanca un període molt  important de  la meva 
vida,  que  comprèn  una  amplitud  de  mires  molt  més  enllà  del  que  és 
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Fresh  vegetable  production  in  Southern  Europe  is  an  important  and 
productive  economic  activity.  In  particular,  production  in  greenhouses 
represents  one  of  the most  important  agricultural  businesses  in  Spain, 
Italy, and France (EFSA, 2010). 
Information  on  the  most  suitable  conditions  for  pesticide  distribution, 
optimal  application amount,  and most  appropriate  spray  technique are 
key  contributing  factors  for  the  success  of  any  pesticide  application 
process.  
The  level  of  awareness  among  politicians  and  citizens  in  the  European 






of  integrated  pest  management  and  of  alternative  approaches  or 
techniques  such  as  non‐chemical  alternatives  to  pesticides“.  The 
achievement  of  this  purpose  is  focused  on  different  subjects,  such  as 
Integrated Pest Management  (IPM) of  the crops, operator  training, and 
inspection of sprayers in use, among others. 
The use of plant protection products (PPPs) is one of the factors affecting 
the  economic,  environmental,  and  productive  parameters  in  covered 
horticulture production. Operator safety, residue on produced food, and 
economic  investment are problems linked to this specific and necessary 
labour,  and  most  of  them  are  directly  linked  to  the  technology  used 
(Nilsson and Balsari, 2012; Pergher et al., 1997).  
Operator exposure during the application of PPPs  is especially critical  in 
greenhouses.  In  general,  the  high‐volume  application  rates  used  to 










hand‐held  spray  gun  and  spray  lance  (Valera  et  al.,  2014).  This  simple 
equipment exemplifies a worst case scenario in crop protection: low spray 
deposit uniformity on the canopy and significant losses to the ground. This 




(Sánchez‐Hermosilla  et  al.,  2012).  In  addition,  these  trolleys  are  always 
behind the operator, which reduces exposure risk.  





top  of  or  below  the  leaves  in  the  crop.  One  of  the  most  interesting 
parameters  used  to  define  the  canopy  is  the  leaf  area  surface.  A  good 
indicator  of  this  parameter  is  the  Leaf  Area  Index  (LAI).  However, 
determining its value is difficult and requires the destruction of the plant 
leaves.  For  successful  application,  it  is  necessary  to  adjust  spraying 
parameters to the shape of the canopy, which  is very difficult  to define 
and  can vary across a  field and along a  single  row.  In  this  context,  it  is 














directives.  The  major  relevant  European  directives  are  as  follows: 
2009/128/CE for the sustainable use of pesticides (European Parliament, 
2009a),  Directive  2009/127/EC  amending  Directive  2006/42/EC 
concerning  machinery  for  pesticide  application  (European  Parliament, 
2009b), Regulation No. 1107/2009 concerning the placing of PPPs on the 
market,  and  repealing  Council  Directives  79/117/EEC  and  91/414/EEC 
(European Parliament, 2009c).  These directives and  regulations address 
different  aspects  involved  in  pest  and  disease  control,  such  as  the 
management  of  pesticide  containers,  the  control  of  the  application 
process  or  operator  risk  assessment,  and  the  control  of  the  sprayer 
manufacturing process. 
Regulation  1107/2009  (European  Parliament,  2009c)  harmonizes  the 
conditions  and  procedures  for  the  authorization,  evaluation,  and 
commercialization of newly developed PPPs.  In addition,  this  regulation 
establishes  a  forbidden  active  ingredients  list  to  control  threats  to  the 
environment  and  human  health.  This  regulation  also  defines  operator 
exposure level, active ingredient toxicity, residuals, and efficacy. This risk 
has  relevant  importance  in  greenhouse  applications  where  spraying 
conditions are critical for temperature, humidity, and inhalation exposure.  
SUD 2009/128/CE (European Parliament, 2009a) guarantees the best use 













In  this  sense,  integrated  management  of  the  pests  and  diseases 
accompanies training, sprayer inspections, and best management of the 
products.   
Spray  drift  and  point  source  contamination  derived  from  erroneous 




and  the  use  of  a  precise  calibration  process  are  important  for  the 













In  this  sense,  Directive  2009/127/EC  (European  Parliament,  2009b) 
regulates  the manufacturing  process  for  newly manufactured  sprayers. 
This directive revises Directive 2006/42/EC (European Parliament, 2006) 
by  introducing  elements  for  the  protection  of  the  environment  and 
operator  safety  aspects.  The  requirements  of  this  EU  directive  specify 
which machinery must comply before being placed on the market and/or 
put into service for a pesticide application.  
After  the  official  publication  of  the  two  above  mentioned  European 
directives,  the  SUD,  and  the  Machinery  Directive  amendment,  the 












states, and must be adopted  into  local  legislation within two years. The 
transposition  of  Directive  2009/128/CE  for  the  sustainable  use  of 
pesticides into Spanish legislation was accomplished through two national 
royal  decrees.  RD  1702/2011  (Ministerio  de  Medio  Ambiente,  2011) 
focused  on  the  inspections  of  sprayers  in  use,  and  RD  1311/2012 
(Presidencia,  2012), where  all  the mandatory  requirements  of  the  SUD 
other than the inspection of sprayers in use are recovered. These two royal 
decrees have been the foundation for the development of the mandatory 
National  Action  Plan  (MAGRAMA,  2012).  This  plan  defines  general  and 
particular objectives, determines the actuations for each objective and the 





Greenhouse  production  represents  an  important  source  of  income  in 






The  65,000  hectares  of  greenhouse  surface  in  Spain  are  distributed 
between horticulture, flowers, ornamentals, and plant nurseries. The main 











cultivated  surface  consumes  66%  of  commercialized  PPP  (MAGRAMA, 
2013), overlapping with the vegetable production areas mentioned in the 
previous paragraph. Figure 1 shows that areas with high PPP consumption 
are  located  close  to  the  Mediterranean  Sea,  where  fruit  crops  and 






























crop  row. Only  8%  of  farmers  use mobile  trolleys with  vertical  booms, 


























simple and basic  tool. The most common type of soil  in greenhouses  in 
Almería  is  “enarenado”  (multilayer  soil with a  top  layer of  sand), which 
comprises  80%  of  the  surface  (Valera  et  al.,  2014).  In  some  regions  of 
Spain,  the  presence  of  natural  soils  is  also  close  to  80%.  However,  for 
manual pulled trolleys, this fact can be a problem because the wheels of 

































that  the  presence  of  some  active  ingredients  from  pesticides  in 
watercourses  is  substantial  (http://www.datossuperficiales.chebro.es). 
Several  factors  can  contribute  to  this  contamination,  such  an  improper 
sprayer rinsing procedure, a mismanagement of buffer zones areas, poor 
sprayer  calibration,  or  various meteorological  conditions.  Each of  these 
examples can cause PPP drift or run‐off. 
A European  initiative promoted by the ECPA (European Crop Protection 
















per  season  and  low  efficiency  techniques  (high  losses  to  the  ground) 
contribute to the increased risk of contamination. In the PPP manipulation 









The  management  of  pesticide  remnants  on  the  main  tank,  pipes,  and 
hoses  after  the  spray  process  is  completed  is  an  important  element  to 
















view  of  the  operator,  such  as  environmental  conditions,  sprayer 














Operator  exposure  in  greenhouses  during  spraying  activities  largely 
depends on the spraying technology used (Nuyttens et al., 2004a). In this 
study,  five  greenhouse  technologies  were  tested  by  four  different 
experienced operators. The equipment included a standard spray gun, a 
spray  lance  (forward  and  backward),  a  self‐propelled  sprayer,  and  a 














will be  considerably higher  than on  the  side  that was not  sprayed  first. 









The  authors  identified  the  mix  and  loading  operation  as  the  highest 
exposure actions and  the most unsafe operating  scenario. This  result  is 
important,  considering workers  rarely  use  protective  gloves  during  this 
operation.  
Because  of  the  high  exposure  risk  in  greenhouses  during  pesticide 
applications,  the  ECPA  started  the  Safe  Use  Initiative  (SUI)  project  to 















Under  project  UMI  (Unit  Motorized  for  greenhouses) 
(www.proyectoumi.es/),  the  AEPLA  association  (Asociación  Empresarial 
para  la Protección de  las Plantas) promoted the pilot version of the SUI 
project. The fundamental goal of the project was the same as SUI project, 






through  the uniformity of  the deposition on  the canopy, an  increase  in 












The  spray  application  technologies  used  in  greenhouses  include  a wide 
range of devices (hand operated, tractor mounted, self‐propelled, fixed or 
semi‐mobile  sprayers)  whose  designs  range  from  simple  and  cheap  to 
complex  and  expensive.  Normally,  simple  technology  involves  manual 
application of some sort, wherein the operator has a strong influence on 




rate.  In  manual  operated  devices  (knapsacks,  spray  guns,  etc.),  is  very 
difficult  to  maintain  a  constant  forward  speed  of  the  operator  that 
influences  the  control  of  the  volume  rate.  In  addition,  the  lack  of 
knowledge  about  the  flow  rate  of  the  nozzles  also  comprises  the 
adjustment of the calibration parameters.  
In this context, training farmers and operators in BMPs related to these 
technologies  is  important  for  optimal  and  efficient  use  of  PPPs,  and  to 
ensure safe environmental conditions for humans. 









Hand‐held  spray  guns  and  lances  are  the  most  widely  used  pesticide 
application  tools  in  greenhouses,  despite  their  heavy  weight  and  high 
exposure risk potential (Foqué et al., 2012b).  
The  droplets  are  generated  by  a  hydraulic  nozzle  without  transport 
assistance,  mounted  on  a  semi‐mobile  or  fixed  installation.  This 
installation  is  composed of  a  stationary unit  (fixed or  tractor mounted) 
with a moving part  (usually a pipe  laid along  the greenhouse and open 
field) (ISO, 2015a).  
A semi‐mobile sprayer is composed of several parts: a main tank, a pump 
(activated  by  an  electric  or  combustion  engine),  a  regulator  system 
(manometer, main valve, pressure regulator and pressure compensator), 





























and  the spraying  technique of  the operator. The penetration  inside  the 
crop was lower when using a 20 bar pressure because the small droplet 
size  has  small  inertial  momentum.  In  a  fully  developed  canopy,  the 
penetration was 50% of the total sprayed product to the inner part of the 
canopy,  with  an  average  volume  application  rate  of  1,608  L∙ha‐1.  In 
addition,  the  losses  to  the ground presented high  values of deposition. 
These  deposition  values  ranged  up  to  2.5  times  greater  than  the  low 
growth stage and 2.2 times greater than a fully developed growth stage.  
Spray  guns  and  lances  are  the  most  common  equipment  used  in 
greenhouse‐produced crops. As shown before, the use of this equipment 






spray  guns  and  lances  are  used.  These  losses  are  a  source  of  potential 
water contamination, and represent a loss of product.  
1.4.1.2. Knapsack sprayers 








with  a  lever,  but  there  are  some  configurations  where  the  pump  is 
activated  by  a  fuel  engine.  In  addition,  knapsack  sprayers  contain mist 
blowers with a pneumatic droplet generation.  
One of  the most complex elements of  these sprayers  is  the calibration. 
Because the sprayer follows the operator, it is very difficult to maintain a 











size of  the droplets, which was not expected based on  the  information 
provided by the manufacturer.  
Llop  et  al.  (2014)  reproduced  similar  tests with  another  set  of  nozzles. 





Concerned  with  the  difficulty  associated  with  knapsack  sprayer 
calibration, Bjugstad and Skuterud (2009) proposed the need to control 
the application to ensure good spraying quality. They proposed that this 
could  be  accomplished  through  proper  calibration  of  the  sprayer, 







most widely  used    sprayer  used  in  developing  countries  (Mathews  and 
Hislop,  1993),  a  significant  effort  has  been  made  to  incorporate  this 
sprayer  and  train  operators  in  its  use.  Part  of  this  effort  involved  the 






The  cannon  mist  blower  used  in  greenhouse  pesticide  spraying  is 





conduction  that  directs  all  the  air  to  one  single  output.  This  output 
















noted  between  either  product with  regard  to  spray  target  distribution. 
However, significant variability was noticed on deposits along the target in 
a  triangular  distribution.  The highest  values were discovered 8 m away 



























In spite of  these results,  this spraying technique allowed the  farmers to 
complete  the  spraying  procedure  faster  than  they  could  using  hand‐
operated alternatives. In some cases, the cannon is used from the outside 





There  are  many  techniques  available  to  generate  fog  for  pesticide 
applications. Some require a special pesticide formulation because of the 






in  size.  Because  this  technique  produces  droplets  at  this  size,  it  is 
recommended for greenhouses or warehouses. One of the main problems 
is that some active ingredients are degraded at these high temperatures. 
The  mobility  of  the  sprayer  frame  has  a  determinant  effect  on  the 






Several  techniques  can  generate  the  same  effects  as  thermal  foggers 
without  the need  for heat. The current  systems used are high pressure 
systems,  low  pressure  systems,  and  air‐water  systems  (Sánchez‐
Hermosilla  et  al.,  2013b).  The air‐water  systems uses  twin  fluid  nozzles 
that combine the PPP mixture and compressed air flow rates to generate 
the droplets. Two pipes are distributed across the greenhouse. One pipe 
contains  the  PPP mixture  at  a  pressure  of  2–3  bar,  and  the  other  pipe 
contains compressed air at 6–7 bar (Sánchez‐Hermosilla et al., 2012). The 






Sánchez‐Hermosilla  et  al.  (2013a)  evaluated  the  distribution  of  sprays 
using a fog cooling system. He compared the distribution of that system in 
a  greenhouse  to  a  spray  gun at  the  same volume application  rate.  The 
results showed very low values of deposition with the fog cooling system. 
























Vertical  boom sprayers  are presented  (SUI project)  as  an  alternative  to 







into  two  categories:  self‐propelled  and  manually  pulled.  For  the  self‐
propelled  sprayer,  the  pump,  tank,  and  regulator  system  are  installed 
together  on  the  sprayer.  For  the  manually  pulled  sprayer,  the  vertical 
booms  are mounted  on  a  hand‐held  trolley  that  has  to  be  pulled.  The 
feeding  system  consists  of  a  hose  that  connects  a  fixed  tank  to  the 
sprayer—the same arrangement used for spray guns and lances.  
Several studies have already demonstrated that the use of vertical boom 













the  equipment  due  to  the wear  reduction  in  the  spray  components.  In 
general, the penetration was higher with the vertical boom than the spray 
gun  because  of  its  more  uniform  nozzle  distribution  along  the  canopy 
height.  
Other researchers have investigated automatic spraying of PPPs using new 




with  a  commercial  knapsack,  which  was  conveniently  adapted  to  the 
AURORA  platform.  Sammons  et  al.  (2005)  developed  an  autonomous 
pesticide‐spraying  robot  for  greenhouses.  The  defining  feature  of  this 
platform was that it ran over a steel pipes from the cooling system. This is 
possible in greenhouses fitted with a water heating system mounted on 
pipes along  the ground. González et  al.  (2009) developed an automatic 
platform (Fitorobot) that utilized an electric engine for motion and moves 
on two rubber tracks. These tracks provide a larger contact surface with 
the  soft  ground  in  greenhouses.  The  control  of  the  platform  was 
completely autonomous, and utilized ultrasonic sensors and a webcam for 
the  guidance.  Balsari  et  al.  (2012)  developed  an  electric  platform  radio 
controlled  with  four  wheels.  This  platform  and  the  Fitorobot  were 
mounted  on  a  300  L  tank  fitted  with  vertical  booms  for  a  pesticide 
application.  Sánchez‐Hermosilla  et  al.  (2011)  tested  a  self‐propelled 
sprayer  (Tizona)  fitted with  a  vertical  boom  sprayer  that  demonstrated 






Several  improvements  and  new developments  have  appeared  over  the 
last few years with the goal of improving spray application technology in 
greenhouse applications. One new alternative has a low implementation 
cost  (compared  to  air  blast  or  fogging  systems)  and  is  composed  of  a 
vertical boom sprayer mounted over a manual trolley. Most of the studies 
published  using  this  sprayer were  tested  on  a  tomato  crop  grown  in  a 
greenhouse. 
The  efficiency  of  the  spray  application  using  vertical  booms  can  be 
conditioned by several parameters,  including nozzle pattern distribution 
and  flow  rate,  nozzle  orientation,  nozzle  distribution  along  the  boom, 









optimal  volume  application  rate  has  been  studied  and  determinations 
have been made, very few studies on the determination of air volume are 
available.  






yield  lower  ground  losses.  However,  higher  air  assistance  velocities 
increase the volume of airborne losses. On the same crop, Gil et al. (2015) 





did  not  significantly  affect  deposition  or  distribution  uniformity.  With 
orchard  crops,  Cross  et  al.  (2003)  concluded  that  a  11.3–7.5  m3∙s‐1 
reduction in the air volumetric flow rate can reduce the spray drift without 
affecting  the  spray distribution on  the  canopy. However,  this  reduction 
causes the spray plume to become more vulnerable to cross‐winds that 
may  affect  the  penetration.  On  olives  trees,  Miranda‐Fuentes  et  al. 











spray  coverage  on  the  lower  surfaces  of  bell  pepper  leaves  using  air‐
assisted  delivery  with  single‐fan  nozzles  than  when  using  conventional 
delivery with either twin‐fan or air induction nozzles. Similar results were 
obtained  by  Braekman  et  al.  (2010)  and  Abdelbagi  and  Adams  (1987). 
However,  although  air  assistance  has  proven  to  be  important  for 
improving deposition on the canopy, it is still necessary to investigate the 
air distribution based on the canopy structure and the optimal relationship 
between  the  vertical  distributions  of  the  three  factors  affecting 
deposition: canopy surface, air velocity profile, and liquid distribution. 
On  a  bay  laurel  crop,  Foqué  et  al.  (2012a)  tested  nozzle  type,  angled 










the  underside  of  the  leaves  can  be  increased  by  using  flat  fan  nozzles 
directed  upwards  at  45°  or  with  air‐assisted  application  systems.  This 
study also showed that improved uniformity on the upper and lower leaf 
surfaces  can  be  obtained  by  application  systems  using  flat  fan  nozzles 
directed  upwards  at  45°,  or  with  air‐assisted  systems  at  volume 
application rates of 400 to 500 L∙h‐1. 
In summary,  interest  in using air assistance on  tridimensional  crops has 
been  demonstrated,  but  there  is  still  a  need  to  determine  the  most 
suitable  airspeed  or  air  volume  rate  according  to  the  canopy 




The  configuration  of  the  sprayer  has  a  very  significant  effect  on  the 
uniformity of the distribution and the penetration of the spray over a crop. 









Sánchez‐Hermosilla  et  al.  (2011)  compared  the  canopy  deposition  of  a 
spray gun to the canopy deposition using a trolley with vertical booms and 





Llop  et  al.  (2013)  tested  the  effect  of  the  spray on  vertical  distribution 
using a flat fan and hollow cone. They separated the nozzles 0.5 m and 0.3 
m apart, and varied the distance to the canopy by the same values (0.5 m 
and  0.3  m).  Their  results  showed  higher  uniformity  with  110°  flat  fan 
nozzles  spaced 0.3 m apart, 0.3 m  from the canopy  (CV 13%) with a 7° 







penetration  into  the  canopy  than  hollow  cone  nozzles.  In  addition, 
Sánchez‐Hermosilla et al.  (2012) tested standard flat fan nozzles and air 
induction  flat  fan  nozzles.  No  significant  differences  with  regard  to 
deposition or uniformity were observed. 




assistance spouts. Tests with air assistance were  fitted with 80°  flat  fan 
nozzles  with  air  spouts  offset  to  45°  upwards  and  30°  backwards.  The 
techniques tested with no air assistance were mounted on a vertical boom 
with an offset angle of 7° to avoid crossing the sprays. High deposition was 
obtained  on  the  contour  of  the  plant  and  inside  the  canopy  using  the 
pressure recommended by the manufacturer. The air induction double flat 
fan performed best, followed by 110° flat fan. The hollow cone nozzle and 




crop  (Laurus  nobilis).  Foqué  et  al.  (2012a)  tested  hollow  cone,  flat  fan, 











On  Ivy  potted  plants,  Foqué  and Nuyttens  (2011)  tested  the  effects  of 
nozzle type and spray angle on flat fan nozzles, using a volume application 
rate of approximately 970 L∙ha‐1. The highest depositions were obtained 

















such  as  growth  stage,  pest/disease  characteristics,  substance  mode  of 
action,  spraying  technologies  or  weather  conditions,  the  shape  of  the 





It  is  possible  to  detect  two main  groups  of  crops  related  to  the  target 







architecture  within  the Mediterranean  region,  a  discussion  is  currently 
being held on how to determine the optimum pesticide and water rate for 
each  particular  scenario.  This  discussion  has  not  yet  reached  a  clear 
consensus. 
The  dosage  expression  for  the  PPP  that  farmers  and  operators  use  is 
shown in different ways: g of PPP per L of spray water or solvent, or g of 
PPP  per  hL  of  spray  water.  The  dosage  expression  can  also  vary  by 
European Union member  state  (Wohlhauser,  2009).  In  some  cases,  the 
dose is defined by the ground surface. However, this dosage system seems 
to  be  incomplete  when  considering  3D  crops,  because  the  amount  of 
active ingredient used is related to the amount of water sprayed, which 






of  the  losses as origin of environment contamination as well  as human 
health hazard. Canopy characterization  is a  complex  task  that has been 
solved in very different ways over the last few years. The growth of three‐
dimensional crops (defined as bush crops) and horticultural crops (tomato, 
pepper,  cucumber,  etc)  are  produced  on  a  row  and  the  growth  of  the 
canopy  is  developed  in height and width. 3D crops  shape varies during 






Canopy  characterization  methods  can  be  classified  into  two  methods: 
manual and electronic. The manual methods are those that are based on 
manual  measurements  performed  with  measuring  tape,  topographic 
milestone, etc. These methods vary depending on canopy structure, and 
are much simpler to use  in hedgerow orchards than in  isolated trees or 
plants  (Miranda‐Fuentes  et  al.,  2015b).  One  of  the  best  indicators  for 
defining  canopy  characteristics  is  LAI,  but  it  is  difficult  to  determine. 




Therefore,  the  electronic  methods  seem  to  be  the  more  appropriate 
option  to  satisfy  the  requirements  for  dose  adjustment.  Among  the 
electronic characterization methods, the most frequently used equipment 
includes ultrasonic sensors  (Gamarra‐Diezma et al., 2015; Llorens et al., 
2011; Walklate et  al.,  2003),  stereo vision  (Andersen et  al.,  2005),  light 
sensors  (Sinoquet et al., 2005) and the LiDAR scanners  (Gil et al., 2013; 
Méndez et al., 2013; Sanz‐Cortiella et al., 2011). According to Rosell and 






can  be  adjusted.  Obtaining  a  consistent  amount  of  product  per  unit 
surface  or  canopy  volume  is  very  important  for  maintaining  biological 
efficacy of the products. Felber (1997) introduced crop adapted spraying 
























the active  ingredient works. The amount of water  is determined by  the 
ability of the sprayer to distribute droplets over the canopy. In both cases, 
this  information  should  appear  on  the  label  of  the  plant  protection 
product.    
The  determination  of  the  active  ingredient  in  pesticide  use  has  been 
widely  discussed  (Furness,  2003; Gil  et  al.,  2005;  Siegfried  et  al.,  2007; 



















0  0.130  Orchards  USA  (Byers et al., 1971) 
330  0.033  Orchards  Poland  (Doruchowski et al., 1996)  
125  0.0125  Orchards  Netherlands  (Heijne et al., 1997) 
200  0.020  Stone fruit  France  (Ruegg et al., 1999)  
0  0.095  Vineyard  Spain  (Gil et al., 2007) 
0  0.05‐0.13  Vineyard  Switzerland  (Siegfried et al., 2007) 
0  0.140  Olives  Spain  (Miranda‐Fuentes et al., 2015) 
0  0.13  Tomato  Spain  (Sánchez‐Hermosilla et al., 2013) 
 
Once the amount of liquid to be sprayed is determined, it is also important 
to  define  the  efficiency  of  the  spray  as  influenced  by  the  sprayer, 




of  several  pests  in  different  years.  This  achievement  shows  that  the 
reduction  in  PPP used  for  pest  and disease  control  does  not  affect  the 
efficacy of the product.  
Similar tests have been performed in greenhouses. Sánchez‐Hermosilla et 



























on  tomato  crops  produced  in  greenhouses  through  spray  application 
techniques and the characterization of the target canopy.  
Three particular goals are defined within this objective:  
‐ Evaluate  and  quantify  the  effect  of  nozzle  type,  volume 
application rate, and canopy density on spraying quality.  
‐ Improve  spray  distribution  by  evaluating  the  effect  of  air 
assistance on liquid distribution on the canopy. 
‐ Characterize  the  canopy  with  a  method  based  on  LiDAR 
technology.  
These  particular  objectives  are  related  with  the  following  scientific 
publications:  
Chapter 3: Spray distribution evaluation of different settings of hand‐held 




compared  to  a  reference  sprayer  in  two  different  greenhouse  canopy 
densities, and with high and low volume application rates.  






evaluate  the  suitability  of  the  prototype  in  front  of  another  device  for 
greenhouse with air supply.  
Chapter  5:  Testing  the  suitability  of  a  terrestrial  2D  LiDAR  scanner  for 
canopy  characterization  of  greenhouse  tomato  crops,  published  in  the 
Sensors  journal.  This  study presents  the  suitability of a  Lidar  sensor  for 
tomato  canopy  characterization. Measurements  with  the  LIDAR  sensor 



















knapsack  sprayers  are  the most  common  technologies  that  have  been 
used for this purpose. However, several studies have demonstrated that, 
as  compared  to  spray  guns,  the  use  of  vertical  boom  sprayers  in 
greenhouses  improves  spray  distribution  and  reduces  labour  costs  and 
operator exposure. The main objective of this study was to evaluate the 
influence  of  air‐assistance  on  spray  application  in  conventional  tomato 
greenhouses.  For  this  purpose,  three  different  spray  concepts  were 
evaluated. The first was a modified commercial hand‐held trolley sprayer 
with two air assistance concepts, the second was a self‐propelled sprayer, 
and  the  third was an autonomous self‐propelled sprayer with a  remote 




depositions.  Yellow  tartrazine  (E‐102  yellow)  was  used  as  a  tracer  for 
deposition evaluation. The results indicated that increasing the air velocity 
does  not  increase  the  efficiency  of  a  spray  application.  In  general,  the 
modified hand‐held  trolley  sprayer  showed  the best  results  in  terms of 
deposition  and  uniformity  of  distribution,  especially  at  the  lowest  air 
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there  are  still  some  aspects  to  improve.  A  modified  hand‐held  trolley 
sprayer was evaluated  in  two different  canopy  scenarios  (high  and  low 
canopy density) and with several sprayer configurations (nozzle type, air 
assistance,  and  spray  volume).  In  this  study,  deposition on  the  canopy, 
coverage, and distribution uniformity has been assessed. Deposition on 
the leaves was significantly higher when flat fan nozzles and air assistance 
were  used  at  both  high  and  low  spray  volumes.  No  differences  were 
detected between the reference system at a high spray volume and with 
the  modified  trolley  at  a  low  spray  volume.  Flat  fan  nozzles  with  air 
assistance increased penetration capability into the canopy. The use of air 
assistance and flat fan nozzles reduced the volume rates while maintaining 
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5. Testing  the  suitability  of  a  terrestrial  2D  LiDAR 




Canopy  characterization  is  a  key  factor  to  consider  when  adjusting 
pesticide dosage for an amount of vegetation. This fact becomes especially 
important  when  the  target  is  a  fresh  exportable  vegetable  like 
greenhouse‐produced  tomatoes.  The  particularities  of  this  crop, whose 
plants  are  thin,  tall,  and  planted  in  pairs,  make  their  characterization 
difficult  with  electronic  methods.  This  study  attempts  to  assess  the 
accuracy of the terrestrial 2D LiDAR sensor for determining major canopy 
parameters  related  to  its  volume  and  density,  and  it  establishes  useful 
correlations  between  manual  and  electronic  parameters  for  leaf  area 








A  general  overview  of  the  results  show  an  overestimation  of  the 
parameters with manual measurements because of the high definition of 
the profile obtained with this sensor. The estimation of the canopy volume 
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Abstract: Canopy characterization is essential for pesticide dosage adjustment according to vegetation
volume and density. It is especially important for fresh exportable vegetables like greenhouse
tomatoes. These plants are thin and tall and are planted in pairs, which makes their characterization
with electronic methods difficult. Therefore, the accuracy of the terrestrial 2D LiDAR sensor is
evaluated for determining canopy parameters related to volume and density and established useful
correlations between manual and electronic parameters for leaf area estimation. Experiments were
performed in three commercial tomato greenhouses with a paired plantation system. In the electronic
characterization, a LiDAR sensor scanned the plant pairs from both sides. The canopy height,
canopy width, canopy volume, and leaf area were obtained. From these, other important parameters
were calculated, like the tree row volume, leaf wall area, leaf area index, and leaf area density.
Manual measurements were found to overestimate the parameters compared with the LiDAR sensor.
The canopy volume estimated with the scanner was found to be reliable for estimating the canopy
height, volume, and density. Moreover, the LiDAR scanner could assess the high variability in canopy
density along rows and hence is an important tool for generating canopy maps.
Keywords: greenhouse; tomato crop; LiDAR sensor; canopy characterization; Leaf Area Index (LAI)
1. Introduction
Public concerns due to environmental problems associated with an inaccurate pesticide
application process led the European Directive 2009/128/EC of the European Parliament to establish
a regulatory framework [1]. In this document, the need to improve the efficiency in the use of Plant
Protection Products (PPPs) is remarked. For this purpose, pesticides dose must be adjusted according
to the canopy characteristics, thus avoiding overdosing and unnecessary losses to the environment.
The greenhouse tomato crop, grown to be consumed as a fresh product, is very important in Spain,
with a cultivated area of 6189 ha [2]. The accurate application of pesticides is essential for all type
of crops or circumstances. In particular, fresh products to be directly commercialized in the market
require accurate and safe pesticide application in order to prevent health risks. Pesticide residues on
vegetables constitute a possible risk to consumers and have been a human health concern [3]. However,
although some researchers have evaluated the optimal volumes of pesticides to be applied [4,5], few
studies have related all parameters influencing the relationship between the canopy characteristics
and the amount of plant protection product according to the real needs.
Sensors 2016, 16, 1435; doi:10.3390/s16091435 www.mdpi.com/journal/sensors
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Greenhouse tomato rises from the ground and develops a long stem, which is fixed by the farmer
to a fixed structure to make it stay in a vertical disposition. Therefore, this crop belongs to the group
called 3D crops; that is, crops that present a complex geometry for the sprayer in contrast to arable
crops, which are treated as if they were a flat 2D target. The constant dose per unit ground area results
less suitable for 3D crops [6], because the varying geometry of the vegetation make it difficult to set a
general application volume that results in a satisfactory application quality. Therefore, researchers
have established other systems that focus on different parameters related to the canopy structure.
The first two methodologies proposed were the Tree Row Volume (TRV) and Leaf Wall Area (LWA).
The TRV method involves calculating the canopy volume by assuming its prismatic shape; hence,
the canopy height and width, along with the row spacing, are the base parameters to determine the
TRV, which is expressed in cubic meter canopy per hectare of ground [7,8]. The application volume
will be proportional to this TRV parameter according to a specific coefficient that will have different
values according to the crop [9–11]. On the other hand, the LWA is calculated based on the assumption
that the canopy sides are completely flat, and hence, they form a “wall”. Canopy height is the main
parameter to calculate the LWA [12], and therefore, the canopy width is ignored. The LWA is expressed
in square meters of LWA per hectare of ground. The sprayed dose is calculated for every 10,000 m2 of
LWA. These two systems are well-established, and at present, there is a general discussion among the
countries of the European Union regarding which of these systems should be used as the standard
label dosing system for all crops [13,14]. Nevertheless, in recent years, researchers have proposed
alternative systems because the TRV and LWA methods do not consider the leaf density, which is an
important canopy parameter [14]; therefore, these methods are incomplete. Various dosing systems
have been proposed for different crops, including vineyards and citrus and fruit trees such as apple
trees [6,15–18]. Although these systems differ in their basis, assumptions, and calculations, they all
rely on an accurate canopy characterization system.
Various methods for canopy characterization, which is a complex task, have been proposed in the
last years. The canopy characterization methods can be classified in two general categories: manual
and electronic methods. The manual methods are based on manual measurements with a measuring
tape or topographic milestone. These methods vary according to the canopy structure and are much
simpler for hedgerow orchards than for isolated trees or plants. Although they are reliable, fast, and
simple to use for the farmer, they become less useful for more advanced tasks such as generating
prescription maps for proportional spray application, like the one proposed by the aforementioned
dosing systems. In addition, it is difficult to evaluate the canopy density with manual methods because
they require complete defoliation of a representative plant sample to obtain reliable values. Therefore,
the electronic methods seem to be an appropriate option to accomplish the requirements of dose
adjustment. Electronic characterization methods using ultrasonic sensors [18–21], stereo vision [22],
light sensors [23], and LiDAR scanners [24–29] are more frequently used. According to Rosell and
Sanz [30], LiDAR is the most accurate technology for canopy characterization, and in fact, it has
been demonstrated to be very reliable at predicting canopy parameters in different studies [20,24,31].
The LiDAR scanner uses the time-of-flight principle to calculate distances—the sensor measures the
elapsed time between laser beam emission and reception and automatically calculates the distance to
the target point [32]. This process is repeated along a plane in 2D scanners or in three dimensions by
rotating the scanning plane in 3D LiDAR. The 2D sensor is cheaper and can have a third coordinate by
moving it along the axis perpendicular to the scanning plane [24,28]; hence, it is more frequently used
for canopy characterization.
The characteristics of tomato plants—thin, tall, and planted in pairs—make their characterization
with the electronic methods difficult because it is difficult to identify the parameters related to each
individual plant. Furthermore, the narrow row spacing limits the field-of-view of the sensors used.
Therefore, this study aims to: (1) assess the accuracy of the LiDAR sensor for determining major
canopy parameters related to canopy volume and density; (2) establish useful correlations between
manual and electronic parameters for leaf area estimation; and (3) exploit the LiDAR technology to
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assess the variation in canopy density along a row as a basis to generate canopy density maps for
pesticide dose adjustment.
2. Materials and Methods
2.1. Experimental Fields
The experiments were performed in three different tomato cultivar greenhouses located in El Ejido
(Almería, Spain) (36◦45′22.90′ ′ N; 2◦48′34.89′ ′ W) and Viladecans (Barcelona, Spain) (14◦18′46.46′ ′ N;
2◦1′48.44′ ′ W), both important fresh produce growing areas on the Spanish Mediterranean coast.
The greenhouses grew tomato crops of the Velasco and Barbastro varieties with similar plantation
patterns (Table 1). The plants were planted in a twin row system (Figure 1a), where the crop was
planted in pairs in the same row. The three greenhouses had a main corridor with adjacent and
perpendicular rows (Figure 1b). The row spacing, rs, plant spacing in the row, ps, and twin plant
spacing, tps, are specified in Table 1 and represented in Figure 1b.
Table 1. Main characteristics of the experimental fields.
Greenhouse ID Location
Plant Layout
(Row Spacing × Plant Spacing)
(m × m)
Crop BBCH Scale
GH 1 El Ejido (Almería) 2.5 × 0.4 Solanum lycopersicum L.cv. Velasco 79
GH 2 El Ejido (Almería) 2.8 × 0.4 Solanum lycopersicum L.cv. Velasco 79
GH 3 Viladecans (Barcelona) 2.0 × 0.4 Solanum lycopersicum L.cv. Barbastro 76
Figure 1. (a) Twin plantation system; (b) Plantation layout inside the greenhouse, with row spacing, rs,
plant spacing in a row, ps, and twin plant spacing, tps.
2.2. Manual Canopy Characterization
For manual canopy characterization, the total canopy height, HM, and canopy width, WM, were
measured along the row. The measurements were performed with a measuring tape by the same
operators in the three fields of study, with 30 replications per field of study for each measurement.
The total canopy height, HM, was measured from the lowest leaves on the plant stem to the top leaf of
each plant (Figure 2). The canopy width was measured from the outer to the inner part of the canopy.
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The measurement was done at 1.5 m of the plant height as a compromise to the thicker part of the
plant and the wider part. Each plant of the twin plantation system was measured separately (Figure 2).
Figure 2. Measured parameters for the manual canopy characterization and LiDAR scanner location.
The total leaf area per single plant was also determined. The plants were collected in pairs: two
pairs (four plants) for greenhouses 1 (GH1) and 2 (GH2) and three pairs (six plants) for greenhouse 3
(GH3). They were appropriately stored in sealed plastic bags. Then, under laboratory conditions and
before they had dried out, the leaves were removed from the plants and subsamples 80 g in weight
were planimetered with a leaf planimeter (LI 3100C, LI-COR, Lincoln, NE, USA) to obtain the total leaf
area of the subsample (cm2) as well as the leaf area–weight ratio [4,33,34], which enables obtaining the
leaf surface area by only weighing the leaves, thus saving time.
From these measured parameters, the other parameters could be calculated: TRV that quantify
the amount of canopy volume per ground surface from canopy height and width and the distance
between rows, data is expressed in cubic meters per hectare of ground [7,33,35]; LWA that quantify
the canopy surface per ground surface from canopy height and the distance between rows, data is
expressed in square meters of vegetation per hectare of ground [36,37]; Leaf Area Index (LAI) that
shows a dimensionless ratio between leaf area and ground area surface; and Leaf Area Density (LAD)
obtained from the LAI and TRV values expressed as square meters of vegetation divided by cubic
meters of canopy [38,39].
2.3. LiDAR Canopy Characterization
2.3.1. Canopy Scanning
A terrestrial 2D low-cost general-purpose LiDAR scanner (LMS-200, Sick, Düsseldorf, Germany)
was used in this study. It is a fully automatic divergent laser scanner that can measure time-of-flight
with an accuracy of ±15 mm in a single shot measurement and a 5 mm standard deviation in a
range up to 8 m [20]. The sensor has a maximum scanning angle of 180◦ and selectable angular
resolutions of 1◦, 0.5◦, and 0.25◦. A scanning angle of 180◦ has been shown to be suitable for accurate
canopy characterization [40]; therefore, it was chosen for the present study. The device was supplied
with 24 V by an autonomous battery and it was connected to a laptop via an RS-232 serial port for
data transmission.
The sensor was installed at the centre of the space between the crop rows and it was mounted
opposite to the canopy in such way that it can properly scan the entire plant from the base to the
top (Figure 2). The sensor was then moved along a constant track, scanning the pair of plants
from both sides. Although the same plant could not be scanned from both sides because of their
paired disposition, the high resolution of the scanner enabled a high percentage of the laser beams
to penetrate the first plant and scan the second. Furthermore, three replications per side and canopy
section were performed.
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Two types of structures were used in the scanning process. In GH1 and GH2, the LiDAR
sensor was mounted on a mobile platform that was manually pulled at a constant average speed
(0.06 m·s−1 ± 0.009) to make it slide along an aluminium rail 2.4 m in length mounted on trestles
(Figure 3b). In GH3, the LiDAR sensor was mounted on an autonomous spraying platform described
in Balsari et al. [41] (Figure 3c). This platform was moved by an electric engine and remotely radio
controlled. In both cases, the data-acquiring laptop was mounted on the platform to simplify the
wiring connections.
 
Figure 3. (a) Fixed structure of the LiDAR support system for measurements in greenhouses 1 and 2;
(b) LiDAR scanner mounted on a radio-controlled mobile platform for measurements in greenhouse 3.
The mobility of the autonomous platform in GH3 enabled scanning the entire tomato row (23.4 m
in length) from both sides of the canopy with three replications. These measurements enabled obtaining
information regarding canopy variation along the row.
2.3.2. Data Processing
Data from the LiDAR sensor was obtained in polar coordinates (each point has an angle direction
and distance response). To manage the information, the raw data was converted to XYZ coordinates
with R-software® (3.0.2) (R Development Core Team, 2013, Vienna, Austria), where X axis corresponds
to the plant width, Y axis is the plant height, and Z axis is the row length (Figure 4a).
Because the LiDAR sensor was mounted on two different structures for the measurements,
the analysed values could have variations. Furthermore, the forward speed of the sensor varied among
replications (coefficient of variation 16.8%) in the case of the fixed structure as it was manually driven.
Therefore, number of LiDAR scans were normalized by considering the forward speed of the mobile
sensor and the scanning frequency (Hz). This speed could be calculated in the analysis process because
the data acquisition system recorded the time elapsed since the beginning of data recording and the
LiDAR track’s length was known. Assuming these differences, a fixed length of canopy to be evaluated
was stablished. Then, the number of slices of LiDAR measurements to be analysed were determined
for every single replication in order to evaluate the same length of canopy.
Once the data were appropriately normalized, the results were imported to the CloudCompare®
software (TelecomParisTech, Paris, France) in order to obtain the 3D LiDAR points cloud and to ensure
that there were no problems or irregularities in the data acquisition process or data normalization.
As the LiDAR sensor does not only scan the plants but also scans the greenhouse’s top and ground
as well as the sensor support system, the points that belong to the canopy must be defined and
distinguished from the others. This process was performed for each scanning file (from one side) by
observing the points cloud from the Z axis with an orthographic projection and determining some
border points by setting one of the known coordinates and obtaining the remaining from the first
(Figure 4a). Then, both sides of the scanned plants were manually aligned and positioned to define the
entire canopy structure (Figure 4b). After this first approach, it was necessary to delimit the points
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belonging to each one of the two paired plants (Figure 4b). This process was performed manually by
determining their centre, which was assigned as the (0,0) coordinate.
Figure 4. (a) LiDAR points cloud from one side in CloudCompare® software with coordinate system
and canopy delimitation procedure; (b) Plant delimitation process from twin plants (three replications).
At this stage, different parameters, such as canopy height, HL, and width, WL, the number of
points on the target (IMP), and the canopy volume, VL, could be obtained or calculated from the
LiDAR points cloud.
To calculate HL, the difference between the highest and lowest points in each LiDAR slice
(Figure 4a), i.e., the maximum length on the Y axis for each LiDAR profile, was determined. HL was
then calculated as 95% of the maximum value among all previously determined values. This 95% value
was chosen to filter possible unusual profiles or data errors that could affect the measurement reliability.
WL was calculated by determining half of the total width, measured on the X axis, of each plant pair.
Once this distance was known, WL was obtained as 95% of the value for the aforementioned reasons.
IMP was determined as the number of LiDAR beam impacts on the canopy per row length unit
(impacts m−1). This parameter was included in the analysis process owing to its significant correlation
with manually measured LAI values in a previous study performed in a vineyard [20].
To obtain the canopy volume per single plant, VL, the methodology described in Xu et al. [42] and
in Miranda-Fuentes et al. [40] was applied. This methodology divides the points cloud corresponding
to the entire canopy into horizontal slices of a certain height, Δh. Next, all points belonging to the same
slice are projected on the same horizontal plane. Then, their external perimeter is delimited using the
convex hull algorithm [43], and its inner area, Ai, is determined. The volume of each slice, VL, can be
calculated as its internal area, Ai, multiplied by its height, Δh. Therefore, the total volume of the plant
is calculated as:
VL = ∑ ni=1 Ai × Δh, (1)
where n is the number of horizontal slices, VL is expressed in cubic meters, Ai in square meters, and Δh
in meters.
As it is evident, the lower the Δh, the higher the vertical resolution of the method. In some
studies, Δh values of 0.001 m have been used [42]. Nevertheless, values of 1 cm have been shown to
be sufficiently accurate in previous studies [40] and to accelerate the calculation process. Therefore,
we chose a Δh value of 0.01 m in the present study.
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2.4. Statistical Analysis
In the statistical analysis, a linear correlation between all measured and calculated parameters
was performed using the statistical R-Software® (3.0.2) (R Development Core Team, 2013) with the
Agricolae package. The data analysis related all measured and calculated results to identify the most
significant and interesting correlations between them, always considering the manually measured
parameters as a reference.
The Shapiro-Wilk test (p > 0.05) [44,45] and a visual inspection of the data histograms were
performed. Moreover, normal Q-Q plots and box plots were drawn to ensure that the data were
normally distributed in all cases. The interest of the linear correlations between the parameters
obtained from the manual characterization, HM, WM, LAI, TRV, LAD, and LWA, and those obtained
from the LiDAR scanning of plants, HL, WL, VL, and IMP was evaluated with the correlation p-values
and their determination coefficients (R2).
3. Results
3.1. Canopy Characterization Parameters
The parameters obtained from the canopy characterization are listed in Table 2. It can be observed
that the canopies of the three greenhouses had similar height characteristics. The maximum height
of the plants is not determined by the plant growth but by the structure of the greenhouse, in which
the stems are fixed to the greenhouse structure when they grow to that level, continuing the growth
process downwards toward the ground. The canopy width is quite different overall in GH2, which also
has a low LAD. Note that the width values were measured from the centre of the two paired plants to
the edge of each plant. These two parameters, especially the height, were constant in all studied fields.
Table 2. Average measured and calculated geometrical and density parameters and its Standard






Manual Height HM (m) 2.19 ± 0.02 2.50 ± 0.02 1.96 ± 0.04
Manual Width WM (m) 0.62 ± 0.02 0.43 ± 0.04 0.53 ± 0.01
Tree Row Volume TRV (m3·ha−1) 10,882 ± 397 7711 ± 212 10,397 ± 252
Leaf Wall Area LWA (m2·ha−1) 35,111 ± 360 35,683 ± 290 39,170 ± 755
Leaf Area Density LAD (m2·m−3) 5.81 ± 0.28 3.15 ± 0.15 5.30 ± 0.19
Electronic
characterization
LiDAR Height HL (m) 1.90 ± 0.07 2.12 ± 0.01 1.93 ± 0.03
LiDAR Width WL (m) 0.71 ± 0.02 0.64 ± 0.02 0.59 ± 0.03
LiDAR Volume VL (m3) 1.13 ± 0.07 1.32 ± 0.03 2.42 ± 0.12
The lowest value of TRV is found in GH2 (7771 m3·ha−1), which is significantly different from
those in GH1 and GH3 (10,882 and 10,397 m3·ha−1, respectively). These differences can be explained
by the difference in the measured canopy width. Therefore, the LWA did not follow the same trend as
the TRV; it was the largest in GH3, at 39,170 m2 ha−1, and had very similar values in GH1 and GH2.
The LAD was the lowest in GH2 (3.15 m2·m−3) and very similar in the other two fields (5.81 and
5.30 m2·m−3 in GH1 and GH3, respectively).
Regarding the electronically measured parameters, the LiDAR height, HL, was found to be
generally lower than that manually measured, HM, with a 12.12% lower mean value. Nevertheless,
the HL parameter followed a trend similar to HM, with the maximum height being measured in GH2.
On the other hand, the canopy width was overestimated by the scanner, but this mainly occurred in the
case of GH2, in which the electronically measured canopy width was 48% greater than the manually
measured value.
The standard errors of the mean (SEM) in the measurements are generally low, being below
10% in all cases and below 1% in most cases. The standard errors in the geometrical measurements
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of all parameters of the three GHs are very similar. The standard error in the measurement of the
LAD parameter is slightly higher, which is normal considering the variability of this parameter along
the canopy.
3.2. Correlations among Parameters Obtained with Manual and Electronic Methodologies
Table 3 shows the determination coefficients (R2) for all paired linear correlations among all
parameters related to the canopy volume and density.
The height (HL) parameter obtained with the LiDAR has been significantly correlated with the
manually measured height, HM (R2 = 0.59), manual width, WM, (R2 = 0.52), and manual TRV value
(R2 = 0.46). Nevertheless, there is no correlation between HL and LWA (R2 = 0.004). This could be
because this parameter was not proportional to the canopy height in the three GHs and was the
maximum in GH3 even when the maximum height was found in GH2 (Table 2).
On the other hand, the LiDAR width, WL, was only significantly correlated with the LWA; even
the LWA calculation is not affected by the canopy width; this correlation shows the importance of the
width in these types of crops where the height is limited by the greenhouse structure.
The LiDAR volume, VL, seems to be the most reliable parameter to estimate the geometrical
characteristics of the canopy as it is significantly correlated with the HM, TRV, and LWA with
determination coefficients of 0.69, 0.37, and 0.33, respectively. It can be observed that the determination
coefficients of the TRV and LWA are very similar. Because the LiDAR volume, VL, is statistically
reliable, it could be the most complete parameter for estimating the TRV and LWA.
All correlations between the canopy density parameters—LAI and LAD—and the other
parameters are presented in Table 3. Interesting correlations can be observed between some manually
measured geometrical parameters, such as HM and WM, and the canopy density. In fact, both
parameters are significantly related to the LAI (R2 = 0.60 and R2 = 0.70 for HM and WM, respectively),
and to the LAD (R2 = 0.53 and R2 = 0.65 for HM and WM, respectively), which is not surprising as
both density parameters are closely related. The TRV values are highly correlated to the LAI and LAD
values with determination coefficients of R2 = 0.89 and R2 = 0.79, respectively. On the other hand, the
LWA values were found to not be appropriate estimators of the leaf density, showing no significant
correlations. The IMP parameter, expressed as the number of LiDAR impacts per length unit, has been
shown to have strong correlations with the leaf density parameter in previous studies. In this study,
IMP was found to be inaccurate for predicting the LAI and LAD values of tomato plants. More tests
need to be performed to identify the reason for this.
Figure 5 shows the correlations between the LAI and VL (Figure 5a) and those between the LAI
and TRV (Figure 5b). It can be seen that the TRV values are well aligned with the LAI values. On the
other hand, VL has a lower determination coefficient, R2 = 0.36.
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3.3. Canopy Characterization Along a Row Based on LiDAR Scanner Measurements
The mobile platform enabled scanning the entire row from two sides. The LAI was used as an
example of the variation in the vegetation along the row. This estimation was based on the VL as it was
found to be the most accurate with the largest determination coefficient among the studied parameters.
The calculated variation in the LAI in GH3 is shown in Figure 6. In this graph, the variation in the LAI
value is calculated every 10 cm.
 
Figure 6. Calculated LAI variation along the scanned row in GH3.
Although the variation range is relatively constant along the row, the continuous changes in the
canopy reflect the important variation in the LAI. The LAI values usually range from 3 to 9, with
exceptions like those found for the Z positions 6 m, 8 m, and 22 m. The variation rate, calculated as the
number of times the LAI value varies by more than 10% per linear meter, has a mean value of 10 m−1.
The values observed in Figure 6 are consistent with the LAI mean value (5.9). The standard error was
found to be very small (0.17) in the manual measurements.
4. Discussion
A 2D LiDAR scanner was used to electronically obtain canopy parameters related to the canopy
volume and density of a 3D crop with a complex structure, which is a difficult task. The general results
in Table 2 show that the LiDAR values for geometrical characteristics, such as height and width, differ
from the manual measurements, which were overestimated. This has also been observed in previous
studies using this sensor [20,40]. The plant height value is influenced by the manual measurement
method, in which one operator stands with a topographic milestone and other, at a certain distance,
must take the measurements by observing the top part of the plants. As this height is important (>2 m)
and the row spacing is narrow (2–2.8 m), the operator must have good skills in reading the height
value and must not instead read its conical projection. In the case of the width, the most external points
are taken, and therefore, the measured width for each section is not the mean but the maximum.
It is very noticeable the fact that the mean LWA values in the three GHs do not coincide with the
HM values, with the maximum mean value observed in GH3 rather than in GH2, which has the highest
mean HM value. At this point, the row spacing has a greater influence on the LWA calculation than the
canopy height. On the other hand, the TRV values show a similar behaviour related to variation in
the height and width values. In this particular case, the obtained data show that because the canopy
height is constant (because of the greenhouse structure) and the row spacing is also determined by the
farmer and conditioned by the greenhouse structure, the only parameter that changes is the canopy
width. Therefore, in the case presented in this research, the TRV method seems to be more suitable
than the LWA method to determine the canopy volume and density, which are mainly influenced by
the row spacing.
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In greenhouse tomato crops, the evolution of the LAI is linked to the plant height until the plant
reaches the top of the greenhouse structure, where the canopy grows along the width. In this case,
the TRV seems more suitable to describe the vegetation because it gives more information across the
canopy width rather than the LWA, which in this particular case, is more affected by row spacing than
by canopy height.
To estimate the canopy volumes, given by its TRV, it could be said that the LiDAR methodology
is an interesting alternative measurement procedure, with acceptable determination coefficients,
especially for HL (Root Mean Square Error (RMSE) 9659.4 m3·ha−1) and VL (RMSE 3446.09 m3·ha−1).
This has been observed in other crops such as vineyards [20], hedgerow fruit trees [46], and large
isolated trees like citrus [47] or olive [40]. Spray application based on canopy volume has been shown
to be sufficiently accurate to be considered a first step in the dose adjustment process even for complex
canopy structures [11,48]. Therefore, it is essential to accurately estimate parameters that allow farmers
or technicians to have a very simple criterion to adjust the sprayed volumes, which can be easily
done by constructing a canopy volume map or using a sensor operating real time and automatically
adjusting the spraying parameters [49].
The importance of canopy density has been strongly suggested by different authors for modifying
the spray volume calculated with volume-based dosing methods [16,18,50]. This parameter can be
automatically estimated with the LiDAR scanner, as shown by the significance of the correlations
between the LAI and HL and those between the LAI and VL. These results are consistent with those
of other studies [51]. They have an important consequence in the automatic adjustment of the spray
dose because the estimation of canopy density can be added to the volume estimator for the real-time
adjustment of the spray dose, which has been implemented in other crops [50,52]. It was surprising
that the number of LiDAR points per row length unit was not correlated with canopy density. This can
be explained by the paired plantation system, which only allows the laser to scan one plant side and
difficult the penetration of the laser beam into the canopy, and therefore, did not allow the researchers
to properly study the correlation between the LiDAR points and the individual plant’s LAD. In further
studies, this parameter should be studied from the top view in addition to the side view in order to
validate this parameter.
Regarding the canopy variation along the row, the LiDAR scanner properly characterized all
longitudinal variations in this parameter, and considering that this parameter can vary 10 times
per meter, as a mean value, manual methods cannot handle such a high variability. In this sense,
the research on mapping methodologies has been very important in recent years [30], and further
research is necessary to adapt these methodologies to the particular case of paired plantation systems
in greenhouse tomato crops. The optimal spray volumes should also be adjusted according to the
canopy volume and density in order to transform these volume or density maps in spray volume maps
to optimize the spray application process.
5. Conclusions
Canopy characterization with a terrestrial 2D LiDAR scanner was performed in a paired plantation
system in three tomato crop greenhouses and its accuracy was compared with manual characterization
methods. The following conclusions can be drawn:
• The LiDAR scanner underestimates certain manual values, but this can be due to the
inherent higher resolution (larger number of point measurements) when compared with
manual methodology.
• Volume parameters, such as the TRV and LWA, can be estimated with the laser scanner with a
high statistical significance and high determination coefficients. This is very important to satisfy
the new requirements for dose harmonization according to these parameters in the European
Union to ensure the most optimal dose rate adjustments.
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• LAI can be estimated by the sensor from the calculated height or volume, but not from the number
of impacts per hedgerow length unit, as expected. Further improvements in the laser scanning
process could improve this estimation.
• Canopy variations along a single row are very important to determine the exact input needed
in each part of the field, and therefore, manual methods are unsuitable because of their low
longitudinal resolution. LiDAR scanners can adapt to this variability and hence are an appropriate
alternative for generating canopy density maps.
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Three  studies  have  been  presented  with  the  goal  of  improving  the 
pesticide  application  in  greenhouses  by  means  of  improving  a  vertical 
boom for spraying, and by the characterization of the tomato canopy. 
In  the  first  study,  the  objective  was  to  improve  the  spray  application 
process  in  greenhouses  through  the  modification  /improvement  of  an 
existing  spray  technology.  A  modified  hand‐held  trolley  sprayer  was 
evaluated in two different canopy scenarios: high and low canopy density 




coverage  of  the  deposition,  and  deposition  distribution  uniformity  has 
been  assessed.  Overall  results  show  the  important  effects  of  canopy 
density,  spray  application  rate,  and  working  parameters  (mainly  with 
regard to nozzle settings and air assistance) on the final quality of the spray 




study  was  carried  out  with  the  aim  to  evaluate  the  influence  of  air‐
assistance  on  spray  application  in  conventional  tomato  greenhouses. 
Three  different  spray  configurations  were  evaluated.  The  first  was  a 
modified  commercial  manual  trolley  sprayer  with  two  air  assistance 
concepts, the second was a self‐propelled sprayer, and the third was an 
autonomous  self‐propelled  sprayer  with  a  remote  control.  All  of  the 
sprayers  were  evaluated  in  terms  of  absolute  and  normalized  canopy 











the spray parameters, and consequently,  for  the efficiency of  the spray 

















Increasing  the  number  of  active  nozzles  by  the  reduction  the  distance 
between them from 0.5 m to 0.30 m, does not improve the results, despite 
the  findings  obtained  by  Nuyttens  et  al.  (2004b)  which  conclude  that 
reducing the nozzle distance improves spray deposits. 
In the low density canopy, the high volume application rate (1,000 L∙ha‐1) 
achieved  when  using  six  nozzles  per  side  results  in  an  increase  in  the 
deposition  with  and  without  air  assistance.  On  the  other  hand,  no 
difference appears between the results obtained with flat fan nozzles and 
air assistance at a 600 L∙ha‐1 and  the reference sprayer at a 1000 L∙ha‐1 














crop  is mainly  influenced by canopy density.  In the high canopy density 
greenhouse,  the maximum penetration  index value  is 59.7%, and  in the 
low canopy density greenhouse, the density is 70.3%. In both cases, these 
















onto  the  target  because  the  transport  of  the  droplets  and  shaking  the 
vegetation. The study of  the amount of air needed  to obtain a uniform 
distribution and better penetration in comparison to sprayers without air 
assistance  is  presented  in  this  section.  In  general,  the maximum  spray 

















growing system where the  lowest 35 cm of  the plant was defoliated.  In 
some  cases,  the  lowest  nozzle  position of  the  sprayer was  close  to  the 
ground.  These  results  point  out  the  importance  of  a  good  sprayer 





nozzle  spray  pattern  and  distribution  .  In  addition,  the  air  distribution 
profile is clearly affected by the output distribution and direction, as well 





























been  observed  in  other  crops  such  as  vineyards  (Llorens  et  al.,  2011), 
hedgerow fruit trees (Rosell‐Polo et al., 2009), and large isolated trees like 
citrus (Tumbo et al., 2002) or olive (Miranda‐Fuentes et al., 2015b).  
The  canopy  density  can  be  automatically  estimated  with  the  LiDAR 
scanner, as shown by the significance of the correlations between the LAI 
and  height  measured  with  the  LiDAR  and  those  between  the  LAI  and 



















canopy  characterization  for  high‐accuracy  estimation  of  the  canopy 
volume and density. Moreover, their longitudinal resolution makes them 
a useful tool for support decisions to adjust the liquid flow rate at a very 
specific  level,  allowing  farmers  to  optimally  protect  their  plants  and 










pesticide  application  in  greenhouse  crops.  The  use  of  air  assistance 
reduces  the  volume  application  rate  and  allows  for  good  pesticide 
distribution  uniformity.  In  addition,  a  strong  correlation  has  been 
















the  contrary,  tests  carried out at  low canopy density have  shown a 
tendency  to  increase  deposition  when  flat  fan  nozzles  and  air 
assistance were used. 











between external  and  internal deposition,  considering  the different 
canopy sections. The deposition at the internal part of the canopy was 
at  least  2.5  times  lower  than  the  external  side,  highlighting  the 
difficulty of penetrating the internal side of the canopy.  
 The  modified  spray  manual  trolley  with  an  airspeed  of  14  m∙s‐1 
showed the highest values in terms of deposition. However, increasing 
the air velocity did not increase the efficiency of the spray application. 
 Air  velocity  and  vertical  spray  pattern  significantly  affected  the 
pesticide  distribution  on  the  canopy.  The  determination  these 
parameters was a useful tool to assess the spray distribution on the 
canopy. In general, the ground losses were relatively high, even higher 
than  the  canopy  in  some  cases,  revealing  a  high  risk  of  ground 
contamination. 





 The  LiDAR  scanner  measurements  of  the  shape  parameters  of  the 




the  laser  scanner  with  a  high  statistical  significance  and  high 
determination  coefficients.  This  is  very  important  for  satisfying  the 
new  requirements  for  dose  harmonization  according  to  the 
parameters set by the European Union, to ensure the most optimal 
dose rate adjustments. 
 LAI  can  be  estimated  by  the  sensor  from  the  calculated  height  or 






 Canopy  variations  along  a  single  row  are  very  important  for 
determining  the  exact  input  needed  in  each  part  of  the  field. 
Therefore,  manual  methods  are  unsuitable  because  of  their  low 
longitudinal  resolution.  LiDAR scanners  can adapt  to  this  variability, 











for  other  improvements  to  this  technology.  The  contents  of  this  study 
studied  deeply  the  characterization  of  the  canopy  by  alternative 
methodologies to manual measurements and the development of a pre‐
commercial sprayer.  







‐ Improving  the  practicality,  reliability,  and  robustness  of  the 
manually‐pulled trolley. 
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